Perovskite solar cells (PSCs) with efficiencies greater than 20% have been realized only with expensive organic hole-transporting materials. We demonstrate PSCs that achieve stabilized efficiencies exceeding 20% with copper(I) thiocyanate (CuSCN) as the hole extraction layer. A fast solvent removal method enabled the creation of compact, highly conformal CuSCN layers that facilitate rapid carrier extraction and collection. The PSCs showed high thermal stability under long-term heating, although their operational stability was poor. This instability originated from potential-induced degradation of the CuSCN/Au contact. The addition of a conductive reduced graphene oxide spacer layer between CuSCN and gold allowed PSCs to retain >95% of their initial efficiency after aging at a maximum power point for 1000 hours under full solar intensity at 60°C. Under both continuous full-sun illumination and thermal stress, CuSCN-based devices surpassed the stability of spiro-OMeTAD-based PSCs.
T he tailoring of the formation and composition of the absorber layer in organic-inorganic perovskite solar cells (PSCs) has resulted in certified power conversion efficiencies (PCEs) exceeding 20% (1, 2) . These PCEs have been obtained while retaining the electron-selective TiO 2 layer and by using either spiro-OMeTAD [2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenyl-amine)9,9′-spirobifluorene] or a polymer-based poly(triarylamine) (PTAA) as the hole-transporting material (HTM) (2, 3) . However, the cost of these HTMs is prohibitively high for large-scale applications, and the archetype organic HTMs or their ingredients apparently are a factor in the long-term operational and thermal instability of the PSCs that use them (4) . One strategy to combat these issues of cost and instability could be the use of inexpensive inorganic hole extraction layers, similar to the use of TiO 2 as an electron-transporting material (5 ) . However, obtaining stable PCEs of >20% with PSCs that use inorganic HTMs (such as NiO, CuI, Cs 2 SnI 6 , and CuSCN) when subjected to light soaking under realistic operational conditions (i.e., at maximum power point and 60°C) has remained a challenge (6) (7) (8) (9) .
The realization of efficiencies of >20% from PSCs using inorganic HTMs remains a key goal that would foster the large-scale deployment of PSCs. Among various inorganic HTMs, CuSCN is an extremely cheap, abundant p-type semiconductor that exhibits high hole mobility, good thermal stability, and a well-aligned work function (10) . It is intrinsically p-doped and transmits light across the entire visible and near-infrared spectral region, so it is also attractive for tandem cell applications where the PSC is placed on top of a semiconductor with a lower band gap (11) . However, the stabilized PCE values reported with CuSCN lag far behind devices based on the standard spiro-OMeTAD. CuSCN deposition methods including doctor blading, electrodeposition, spin coating, and spray coating have been tried (9, (12) (13) (14) (15) (16) . Of these, the solution-based bottom-up approaches are more facile; however, a critical issue associated with them is that most of the solvents in which CuSCN shows high solubility degrade the perovskite layer (17 ) . Because of the dearth of solvents that readily dissolve CuSCN but not the perovskites, an inverted device architecture has been used, albeit with moderate success (12) .
To retain the mesoscopic TiO 2 -based normal device architecture, we developed a simple dynamic deposition method. Typically, we deposited a thin and uniform CuSCN layer on top of a CsFAMAPbI 3-x Br x [FA = CH(NH 2 ) 2 + , MA = CH 3 NH 3 + ] perovskite layer. To do so without compromising the quality of the perovskite layer, we drop-cast a defined volume of CuSCN dissolved in diethyl sulfide (DES, 35 mg/ml) in 2 to 3 s while spinning the substrate at 5000 rpm (18) . The structural features of this CuSCN layer were investigated by x-ray diffraction (XRD). CuSCN crystallizes generally in two polymorphs, a-CuSCN (19) and b-CuSCN (20, 21) , where the latter exhibits polytypism (i.e., variation in layer stacking order). A comparison of the calculated powder XRD spectra and grazing incidence XRD data of CuSCN (Fig. 1A) shows that the dynamic deposition method yielded b-CuSCN. A broad reflection at q = 1.9 Å −1 established the presence of different polytypes of b-CuSCN, predominantly 2H and 3R. Coherently scattering island sizes of 17 and 18 nm were estimated from the peak width of the (002) reflection of CuSCN deposited, respectively, on the glass and the perovskite film. To determine the domain orientation, we acquired grazing incidence wide-angle x-ray scattering (GIWAXS) data from CuSCN and CuSCN/perovskite films (Fig. 1, B and C) . The intensity distribution of the (002) b-CuSCN ring ( fig. S1 ) reveals that the CuSCN domains have preferential orientation, with the long unit cell axis parallel to the substrate (Fig. 1,  D and E) .
Scanning electron microscopy (SEM) images of the perovskite film acquired before ( Fig. 2A) and after (Fig. 2B ) the deposition of a CuSCN layer revealed the homogeneous coverage of the perovskite overlayer with the CuSCN layer. By comparison, for a spiro-OMeTAD layer deposited via the conventional spin-coating method, the presence of pinholes was evident ( fig. S2 ), which could be detrimental to performance (22) . To evaluate the thickness of various layers, we acquired a crosssectional SEM image ( Fig. 2C ) of the complete device, which established the formation of a thin CuSCN layer (~60 nm) sandwiched between a perovskite overlayer and a gold layer. Because DES is a strong solvent, it could damage the underlying perovskite layer ( fig. S3 ). Thus, we used a dynamic deposition approach in which the solvent evaporated more rapidly than in conventional deposition.
To investigate the charge carrier dynamics in pristine and HTM-containing perovskite films, we used steady-state photoluminescence (PL) and time-correlated single-photon counting (TCSPC) spectroscopy. The pristine perovskite film exhibited an intense PL emission centered around 773 nm with a linewidth of 44 nm (Fig. 2D ). In the presence of a charge extraction layer, the PL of the pristine perovskite film was strongly quenched, from which very rapid extraction of electrons or holes across the interfaces could be inferred (23) . We used TCSPC spectroscopy to estimate the dynamics of charge carriers quantitatively (Fig. 2E) . The long lifetime of the charge carriers (t 10 = 390 ns) is indicative of the high electronic quality of the pristine perovskite film (t 10 is the time at which the initial PL intensity decreases by a factor of 10) (24) . In agreement with the steady-state PL, the charge carrier lifetime decreased sharply in the perovskite films containing TiO 2 (t 10 = 49 ns) as the electron extraction layer and spiro-OMeTAD (t 10 = 22 ns) or CuSCN (t 10 = 16 ns) as the hole extraction layer (25 ) . In comparison, the hole injection from the valence band of perovskite into the highest occupied molecular orbital (HOMO) or valence band of HTM was more rapid than the electron injection from the conduction band of perovskite into that of TiO 2 (26) . In addition, TCSPC spectroscopy showed that the hole transfer was faster across the perovskite-CuSCN junction relative to the perovskite-spiro-OMeTAD interface, although the thermodynamic driving force (difference between the two energy levels) is lower at the perovskite-CuSCN interface (27 ) . This difference could be explained by considering that there are stronger interfacial interactions between the perovskite and CuSCN than between the perovskite and the organic layer.
Apart from injection, the transport of charges through the HTM layer is another critical process that strongly influences overall device performance. In fully assembled devices, hole mobilities of 1. spiro-OMeTAD, enabling CuSCN to be effective in its pristine form, whereas spiro-OMeTAD requires a high concentration of p-dopant and other additives (such as organic lithium salt and 4-tert-butylpyridine) to reach its peak performance (28).
After the successful deposition of the thin and conformal b-CuSCN layer, we investigated the photovoltaic (PV) characteristics of the devices. The PV parameters extracted from the currentvoltage (J-V ) curve (Fig. 3A) of the spiro-OMeTADbased device yielded a short-circuit current J SC = , V OC = 1112 mV, and FF = 78.2%, resulting in a PCE of 20.4% (Fig.  3B ) (the role of rGO is discussed below). As evident from the hysteresis index values, a hysteresis effect was discernable for spiro-OMeTAD by comparing the forward and backward J-V scan, but it was negligible for CuSCN (Fig. 3C ) (29) . Figure 3 , A and B, shows that the V OC yielded by CuSCN-based devices was slightly lower than that yielded by spiro-OMeTAD-based devices. To understand the cause of the V OC deficit in CuSCNbased devices, we estimated the ideality factor (n), which is an indicator of the dominant recombination mechanism occurring within a working device (30) . By fitting the intensity dependence of the V OC curves (Fig. 3, A and B, insets) [ (18), equation S1], we estimated n = 1.46 and 1.50, respectively, for the spiro-OMeTAD-based and CuSCN-based devices, which indicates that the difference in the V OC stemmed from marginally higher monomolecular recombination occurring within the CuSCN-based devices. J SC showed linear behavior with illumination intensity in both PSCs ( fig. S4) . Figure 3C summarizes the statistical analysis of PV parameters extracted from the J-V curves of 20 independent devices. The high PCEs were reproducible for both spiro-OMeTAD-based and CuSCN-based PSCs. For the CuSCN-based devices, we observed an average J SC = 22.65 ± 0.60 mA cm , V OC = 1115 ± 15 mV, and FF = 0.75 ± 0.02, resulting in an average PCE of 19.6 ± 0.77%. To determine the stabilized (scan speed-independent) PCEs, we probed the solar cells at their maximum power point under full-sun illumination (Fig. 3D) . We recorded a stabilized output power corresponding to a PCE of 20.5% and 20.2% for spiro-OMeTAD-based and CuSCN-based devices, respectively, in close agreement with the J-V measurements. The integrated photocurrent densities obtained from the external quantum efficiency (EQE) spectra of spiroOMeTAD-based and CuSCN-based devices agreed closely with those obtained from the J-V curves (Fig. 3E) , indicating that any spectral mismatch between our simulator and AM-1.5 standard solar radiation was negligible.
The long-term thermal stability of devices at high temperature has become a key problem, primarily because the diffusion of metal through a spiro-OMeTAD layer at higher temperatures leads to the degradation of the devices (22) . We examined the thermal stability of CuSCN-based devices coated with a thin layer of poly(methyl methacrylate) polymer (18) at 85°C in ambient conditions in the dark. After 1000 hours, the CuSCN-based devices retained >85% of their initial efficiency (fig. S5) . The formation of a uniform CuSCN film, as evident from morphological analysis, blocked the metal diffusion (22) . Long-term operational stability is a crucial requirement for future exploitations of PSC-based technology (31) . Under fullsun illumination at their maximum power point, the CuSCN devices ( fig. S6 ) showed poor photostability, losing >50% of their initial efficiency within 24 hours (Fig. 3F, red trace) . Such instability of PSCs has been associated with the degradation of the CuSCN/perovskite interface (14) , but atomic layer deposition of an insulating Al 2 O 3 layer (~2 nm) between the perovskite and CuSCN layers did not mitigate the initial degradation ( fig. S7 ). Instead, we introduced a thin conductive rGO spacer layer ( fig. S8 ) between the CuSCN and gold layers, leading to excellent operational stability under full-sun illumination at 60°C. The resulting PSCs retained >95% of their initial efficiency after aging for 1000 hours, apparently surpassing the stability of spiro-OMeTAD devices recorded under similar conditions ( fig. S9) . We traced the photoeffect back to the positive electrical polarization imposed on the gold when the CuSCN device is illuminated at its maximum power point or under open circuit conditions. We confirmed the occurrence of potential-induced degradation by applying a positive bias of 0.8 V to the Au contact of a CuSCN device in the dark. The results ( fig. S10 ) illustrate the severe loss in PV performance under these conditions. When no electrical bias was applied to the cell during aging in the dark, no appreciable degradation was observed even after prolonged heating of the CuSCN devices at 85°C (fig. S5 ). Thus, we identify the cause of the degradation to be an electrical potential-induced reaction of gold with the thiocyanate anions forming an undesired barrier, which is different from the degradation occurring at the interfaces between perovskite and selective contacts (32) . Using x-ray photoelectron spectroscopy (XPS), we confirmed the oxidation of gold ( fig. S11 ) upon subjecting the CuSCN devices to the light soaking test over extended time periods. We conclude that the instability of PSCs is not associated with the degradation of CuSCN/perovskite interface, as is generally believed, but rather originates mainly from the CuSCN/Au contact. The CuSCN film did not require any additives to function as an effective HTM, in contrast to PTAA and spiroOMeTAD, which can reach their peak performance only in the presence of organic lithium salt and 4-tert-butylpyridine and, for the latter, also a Co(III) complex that acts as a p-dopant (4); these additives readily cross into the photoactive PSC layer and adversely affect PV performance. Our results show that PSCs using all-inorganic charge extraction layers (i.e., mesoporous TiO 2 and CuSCN) display high PCE values combined with remarkable operational and thermal stability, offering the potential for large-scale deployment.
